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INTRODUCTION 
Hot isostatic pressing (HIPing) is an increasingly used process for 
consolidating and densifying metal and ceramic powders to near net shape. 
Powder is encapsulated in a thin walled cannister under vacuum and placed 
in a pressure vessel where it is subjected to a temperature/pressure 
cycle, Fig. 1. The cycle used is normally empirically determined and aims 
to achieve 100 percent theoretical density in the sample. 
Because of the expense of HIPing, the empirically derived HIP cycles 
are often not optimized. Changes in part geometry, powder composition, 
and size distribution, etc., alter the pressure/temperature needed to 
attain full density. Thus, some cycles may result in less than full 
density while others may subject a component to more extensive heating 
than that required for complete densification. The former leads to very 
poor quality components while the latter adversely affects process 
productivity and can result in unacceptably coarse microstructure for some 
applications. 
One possible approach to the problem is being explored by M. F. Ashby 
and co-workers at the University of Cambridge [1,2,3]. This work is 
attempting to model the consolidation and densification of powder and to 
use the models to predict densification as functions of pressure, 
temperature, and time. These model predictions can be conveniently 
represented in the form of HIP maps (described further below) and could 
provide a theoretical basis for selecting optimum HIP cycles. 
The models have had little experimental validation to date because of 
the time consuming and expensive nature of interrupted testing and the 
lack of an in situ method for measuring density. Even if the models do 
accurately represent densification, their value is limited because 
predicted density depends upon intrinsic properties of the powder (e.g., 
yield strength, power law creep hardening exponent, etc.). These data are 
sparse and inaccurate for many potential systems of interest. The models 
could be used to infer the necessary data from measured densities if again 
an in situ density measurement technique were available. 
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Fig. 1. A HIP applies a'hydrostatic pressure/temperature cycle to a 
cannister containing packed powder to cause densification . 
Here we report on the development of a density sensor based upon an 
eddy current principle . It has been used to measure the densification of 
copper . These measurements have been compared against the predictions of 
the HIP map for copper, and used to infer the yield strength of the 
powder . 
REVIEW OF HIP MAPS 
Figure 1 depicts the HIPing of powders. The objective of modeling is 
to determine the mechanisms of densification and to mathematically 
represent them in a form amenable to numerical prediction of density as a 
function of pressure (P), temperature (T) , and time. If powder is packed 
into a container it achieves a density, Do, typically between 60 and 
70 percent of the theoretical density. The application of pressure and 
temperature results in densification first through plastic yield (a time 
independent densification), then power law creep (i.e. , time dependent 
deformation), and finally (at high temperature) by diffusional processes 
such as Coble and Nabarro-Herring creep, Fig . 2. 
The mathematical expressions describing these processes depend upon 
whether the particle interstices are connected or isolated. Typically, 
for densities less than 90 percent of the theoretical density, pores are 
connected, and the relations listed under Stage 1 in Fig. 3 are used to 
predict densifi cation. When the density exceeds 90 percent , those listed 
under State 2 are used . References 1, 2, and 3 define variables and 
describe how these equations are derived and combined to compute density . 
To predict density, material property data for the system of interest 
are needed. These data are not readily available for many of the new 
materials being considered for HIPing, and even for systems such as 
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Fig. 2. Mechanisms of densification . 
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Fig . 3. The mathematical expressions that approximate densification 
during HIPing. 
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copper, many are only best estimates . Using a yield strength <.uy) of 
50 MPa and a power law creep exponent (n) of 4.7. Ashby, et al., have 
calculated the HIP map shown in Fig . 4 for copper . The maps can be drawn 
as two dimensional slices through a three dimensional density, pressure, 
temperature field. 
In the diagrams, thick lines depict the bounds where a single 
densification mechanism predominates. Thus, at high pressure, plastic 
yield is the dominant densification process. At low pressure and high 
temperature, diffusional processes are important, and for intermediate 
pressures and temperature power law creep can cause densification if given 
sufficient time. The temporal densification behavior can be inferred from 
the diagrams by selecting a particular pressure, temperature combination, 
and reading the relative density after 0.25, 0.5, I hour, etc. For 
example, at T = 550 'c and P = u y ' a density of 80 percent is achieved by 
plastic yield. Power law creep raises the density to 95 percent after 
4 hours but is unable to cause complete densification without allowing 
sufficient time for Nabarro-Herrring/Coble creep. 
EDDY CURRENT SENSOR 
The impedance per unit length of an infinite solenoid is : 
where Rc is coil resistance, 1 1S the square root of -1, n the number of 
turns per unit length, ~o the magnetic permeability (4~ x 10- 7 Hm- 1 ), w the 
angular frequency, and Ae the cross sectional area of the empty solenoid 
(4). n2~oAe is the empty coil inductance, Lo' Placing a nonmagnetic 
conducting cylinder within the solenoid changes the impedance of the 
solenoid: 
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Fig. 4. Sections of the copper HIP diagram (1). 
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where Ho is the magnetic field inside the solenoid, E the induced electric 
field at the surface of the cylinder, Au the unfilled area within the 
solenoid, and the line integral is taken around the circumference of the 
cylinder. 
As the frequency w increases, the induced eddy currents penetrate 
less and less into the conductor and the magnetic field increasingly 
becomes confined within the annular region between coil and conductor . If 
impedance values are represented on a complex plane impedance diagram, in 
the high frequency limit, the real part of the impedance tends toward that 
of an empty coil and the imaginary component (when normalized by the empty 
coil value) approaches a value equal to unity minus the fill factor of the 
coil (l - sample area/coil area). 
This high frequency limiting impedance provides a basis, in 
principle, for sensing the dimensional changes associated with 
densification. In practice, temperature changes within a HIP change the 
sensor coil resistance. This difficulty can be overcome by incorporating 
a secondary coil in the sensor and measuring the transfer impedance. 
Provided a high impedance induced voltage measurement in the secondary is 
made, and the current flow in the primary is monitored, a temperature 
independent transfer impedance measurement can be achieved and its real 
and imaginary components can be displayed as functions of frequency, 
Fig. 5 . 
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Fig. 5. (a) Complex impedance data for the HIP sensor containing a 
hollow tube. (b) and (c) show the impedance components as 
functions of frequency. 
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A schematic diagram of the sensor system is shown in Fig. 6. The 
measurement of impedance is performed by a commercially available 
impedance/gain-phase analyzer. The primary solenoid, driven by the 
analyzer's oscillator through an audio power amplifier, impresses a 
uniform field on the HIP sample. The emf induced in the smaller secondary 
coil, interior to the primary, depends on the sample properties; it is 
measured in the test channel. The voltage across the primary resistor is 
proportional to the current in the primary coil, and is measured in the 
reference channel. The analyzer reports the ratio (gain) and the relative 
phase (~) of the two voltages. The normalized impedance is obtained by 
the following: 
ReZ gain/gai~ sin(~-~o) 
ImZ gain/gaino cos(~-~o)' 
where the zero subscripts indicate the values obtained for the empty coil. 
From these measurements the extrapolation to the high frequency limit is 
performed, and the fill-factor and diameter computed. The results are 
displayed and transferred to a personal computer for further analysis. 
RESULTS 
Water atomized copper powder was sieved and the -100, +325 mesh 
fraction retained. The size distribution and composition are shown in 
Fig. 7. The mean particle size was 70 ~m which compares favorably with 
the 75 ~m value used to calculate the HIP map for copper. Metallography 
indicated the presence of a second phase--probably copper oxide, and a 
particle grain size of 10-20 ~m. 
The powder was placed in a cylindrical copper can with a 3.90 cm 
diameter, 10.2 cm long, and 0.8 mm wall thickness, evacuated to a pressure 
of 10- 4 mm Hg for 24 hours and sealed. The cylindrical cannister was 
placed with the HIP sensor in a laboratory HIP and subjected to the 
pressure-temperature cycle shown in Fig. 8. The eddy current sensor was 
Fig. 6. 
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used to measure the fill factor and thus cannister diameter every few 
minutes, and these data also are shown in Fig. 8. 
Previous tests had established that the cannister length change at 
that geometry was a constant fraction (50%) of the diameter change. The 
measured diameter was corrected to the increase of the wall thickness of 
the can, because of the shrinkage of the compact. It increased from 0.8 
mm to 1.0 mm. The correction has been done assuming that the change of 
the wall thickness was linear with the change of the can diameter during 
the HIP cycle. Thus the change of volume and therefore density could be 
calculated. The ratio of this density to the theoretical density at 20 ·C 
is plotted as a function of time during the HIP cycle in Fig. 9. The 
maximum density achieved by this cycle was 96 percent of ambient 
temperature theoretical density. 
The HIPed sample was subsequently sectioned and polished and examined 
in a scanning electron microscope. In agreement with the HIP sensor 
measurements, unconnected porosity indicative of less than theoretical 
density was observed. Pores were either at particle-particle or grain 
boundaries 
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Fig. 9. Variation of density during HIP run. 
DISCUSSION 
Figure 10(a) shows an HIP map for copper calculated using a particle 
yield strength of 50 MPa. The diagram can be used to predict the 
densification trajectory shown in the upper left corner. It is in poor 
agreement with that measured. One possibility for this is that an 
incorrect yield strength value was used. For example, softer particles 
would densify more and might approach the measured value. 
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Fig. 10 . Comparison of predicted and measured densification for copper . 
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It is possible to use the HIP sensor data in the plastic yield 
dominated regime to deduce the operational yield strength 
This was plotted versus temperature and the yield strength was found 
highly temperature dependent (an effect not included in the models) and 
the best value to use at 550 ·C was 25 MPa. 
In Fig. 10(b) we show the predicted profile assuming uy = 25 MPa and 
compare it again with that measured. Now the predicted value exceeds that 
measured by a few percent. Correcting for the difference in theoretical 
density between room temperature and 550 ·C then produces a much better 
agreement for the initial plastic yield densification. The predicted time 
dependent (power law creep) contribution seems to be slightly higher than 
measured--perhaps reflecting t~e fact that a slightly lower power law 
creep exponent should be used. 
suMMARy 
An eddy current principle has been used to develop a sensor to 
measure dimensional changes (and thus density) during hot isostatic 
pressing of powders in metallic cannisters. The sensor has been used to 
measure densification of copper and to compare the experimental data with 
that predicted from HIP maps developed by M. F. Ashby and his colleagues 
at the University of Cambridge, England. The comparison for this first 
cycle indicates the maps can be "tuned" using sensor data, to accurately 
predict the densification trajectory. This creates the interesting 
possibility of coupling sensor data and predictive models to better 
control HIPing. 
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